Objectives: Vitamin A plays important roles in development, growth, and regeneration. Vitamin A-storing stellate cells have been identified in several organs. The functional roles of vitamin A in the vocal folds are still unknown, although vitamin A-storing vocal fold stellate cells have been observed in the macula flava of human and rat vocal folds. The purpose of this study was to investigate the roles of vitamin A in vocal folds. Methods: Vitamin A-deficient rats were generated, and the vocal folds were examined histologically. Messenger RNA was extracted from the vocal folds and analyzed by real-time polymerase chain reaction. Results: Immunohistochemical analysis of normal vocal folds revealed expression of retinoic acid receptor α in vocal fold stellate cells. The cells in the macula flava of vitamin A-deficient rats showed a larger nucleus/cytoplasm ratio than did those of vitamin A-sufficient rats, but messenger RNA expression of major extracellular matrix components in the macula flava of vitamin A-deficient rats did not present a remarkable change except for procollagen type I. Expression of hyaluronic acid, collagen types I and III, and elastin did not show a significant change in vitamin A-deficient rat vocal folds. Conclusions: These results indicate that vitamin A is not essential to maintaining the extracellular matrix of normal adult vocal folds, although vocal fold stellate cells participate in vitamin A storage.
INTRODUCTION
Vitamin A is widely known to regulate numerous genes for the development, growth, and maintenance of various organs. 1 Vitamin A-storing stellate cells have been identified in the liver, lungs, kidneys, and intestines. 2 They are stellate in shape and have cytoplasmic processes. The role of vitamin A in lung development has been investigated in detail. It has been reported that vitamin A is involved in alveolar formation and that elastin is one of the target genes. 3 Vitamin A is also required throughout life for the maintenance and regeneration of lung alveoli. 4 Hepatic stellate cells (HSCs) are also well documented and are the major source of increased extracellular matrix (ECM) in chronic liver diseases. 5 The HSCs undergo a phenotypic transformation under stress and acquire myofibroblast-like features, including increased collagen production and cell contractili-ty. 5 These activated HSCs play a pivotal role in the formation of liver fibrosis. Of particular interest, aryl hydrocarbon receptor-null mice, which exhibit severe liver fibrosis, are reported to show no liver fibrosis when they are fed a vitamin A-deficient (VAD) diet. 6 This finding suggests that the unique character of HSCs is mediated by vitamin A and can be changed by manipulating vitamin A.
Sato et al 7 reported vocal fold stellate cells (VFSCs) in the macula flava of human vocal folds. These cells have a starlike appearance with a small nucleus/cytoplasm (N/C) ratio and stored vitamin A. 7 According to electron microscopic morphological studies, these VFSCs may produce ECM components, and thus may be involved in the metabolism of the ECMs essential for maintaining the viscoelastic properties of the vocal fold lamina propria. 7 Although morphological studies indicate participation of VFSCs in the metabolism of ECMs, 7 the functional roles of vitamin A in the vocal folds are still unknown. In addition, it has not been confirmed whether vitamin A is truly metabolized or acts as a gene regulator in vocal folds.
Rat vocal folds are an ideal model for examining the roles of vitamin A in human vocal folds. In previous studies, 8, 9 we demonstrated that rat vocal folds have characteristics similar to those of human vocal folds. The lamina propria of a rat vocal fold has 3 layers, as does as that of a human vocal fold, and the layers have a similar distribution of collagen type I, collagen type III, hyaluronic acid (HA), and elastin. 8 Furthermore, rat vocal folds have macula flava in both ends, and vitamin A-storing stellate cells are present in these regions. 9 The two purposes of this study were to analyze the pathological effects of vitamin A deficiency on vocal folds and to examine the roles of vitamin A in characterizing VFSCs and maintaining the vocal fold ECM.
MATERIALS AND METHODS
Animals. Vitamin A-deficient rats were created as reported by Dickman et al. 10 The protocol produces rapid, synchronous retinoid deficiency while minimizing lactational retinoid transfer.
Timed-pregnant Sprague-Dawley rats (gestation day 16) were divided into a VAD group and a vitamin A-sufficient (VAS) group. The rats in the VAD group were fed a VAD powder diet (Harlan Teklad, Madison, Wisconsin), and the rats in the VAS group were fed a VAS control diet. Only the male pups were selected, weaned at day 19, and fed the same diet as the mothers. Food consumption and body weight was measured 3 times a week. Vitamin A deficiency was evidenced by a growth plateau (defined as a 1-to 2-g weight gain per day over 5 days) 10 and other signs such as periocular porphyrin deposits, matted fur, and paralysis of the front legs. 11 As individual rats became VAD, they were given the identical diet with retinoic acid (RA) mixed into the VAD diet at a concentration of 12 mg/kg of diet to maintain their health. 11 These animals were fed the RAcontaining diet for at least 4 weeks and were painlessly sacrificed 10 days after simultaneous discontinuation of RA, which was done to synchronize the experimental group. The VAS rats were sacrificed at the same age as the VAD rats.
The rats were humanely euthanized by intracardiac injection of Euthasol (0.22 mL/kg, Diamond Animal Health Inc, Des Moines, Iowa) following sedation with an intraperitoneal injection of ketamine hydrochloride (90 mg/kg) and xylazine hydrochloride (9 mg/kg). Larynges were collected for histologic analysis and real-time reverse transcriptasepolymerase chain reaction (RT-PCR) of the vocal folds. Blood samples were also collected to analyze the serum retinol level.
Serum Retinol Analysis. Blood samples were kept in the dark and allowed to clot at room temperature for 30 minutes before they were centrifuged at 12,000g for 20 minutes. Serum samples were then collected and stored at -80°C until analysis. All samples were prepared and analyzed under yellow lights. Serum was analyzed for retinol by the method described previously. 12 An internal standard (50 μL; retinyl acetate 3.8 mmol/L ethanol) was added to 200 μL thawed serum in a glass test tube in order to determine extraction efficiency. Proteins were denatured with 250 μL pure ethanol and then were briefly mixed in a vortex (15 seconds); then the sample was extracted twice with 300 μL of hexanes. The organic layers were pooled and dried under argon. The dried sample was reconstituted with 50 μL of 75:25 (vol/vol) methanol:dichloroethane, vortexed, and centrifuged briefly at 1,380g for 30 seconds before 25 μL was injected into a high-performance liquid chromatography system (injector, Waters [Milford, Massachusetts] Delta 600; detector, Waters 2487; pump, Waters 600 controller; data processor, Shimazu [Kyoto, Japan] C-R7Aplus Chromatopac). A Waters Sunfire C18, 5-μm, 4.6 × 15 mm column was used, absorbance was monitored at 325 nm to maximize detection of retinol, and a mobile phase of 95:5 methanol:water with 0.73 g/L triethylamine was run at a flow rate of 1 mL/min. The high-performance liquid chromatography purified standards of retinol were assayed on the same system and used to quantify the retinoid in the samples. Statistical analysis was performed by t-test, with a p value of .01 considered significant.
Tissue Preparation. The larynges were soaked in an embedding medium (Optimum Cutting Temperature Compound, Tissue-Tek, Kyoto) and frozen quickly with a combination of acetone and dry ice. Ten-micrometer-thick cryostat serial sections of whole larynges were made vertical to the glottis (coronal sections) or horizontal to the glottis (axial sections) for histologic study. The slices were airdried and stored at -20°C until used.
For real-time RT-PCR, the microdissection technique was used to accurately collect the posterior macula flava of the vocal folds from the larynges. Sixty-micrometer cryostat axial sections of the vocal folds were prepared. The posterior macula flava was identified and dissected from the sections with RAR-α RAR-β a microscope by means of 30-gauge needles. The procedure was performed under sterile conditions to avoid contamination.
Staining Method. Alcian blue stain with a hyaluronidase digestion technique was used for the identification of HA. 8, 13 Elastica-van Gieson stain was used to detect elastin. Slides were fixed with 10% formalin for 15 minutes before Alcian blue and elastica-van Gieson staining.
Oil red O staining was performed to detect lipid droplets in the cytoplasm. 14 Vitamin A is a liposoluble vitamin and is stored in lipid droplets in cytoplasm. Mayer's hematoxylin was used for nuclear staining after oil red O. Unfixed slides were used for oil red O staining.
Light microscopic images were captured all at once with an Eclipse E600 microscope (Nikon, Melville, New York) and a Pixcera color camera (model PVC C, Los Gatos, California).
Four VAD rats and 4 VAS rats were used for each staining, and 4 sections for each animal were used for each stain.
Immunofluorescence. Retinoic acid receptor (RAR) subtypes α and β, collagen type I, collagen type III, vimentin, glial fibrillary acid protein (GFAP), and α-smooth muscle actin (α-SMA) were identified with immunofluorescence. The RARs are essential to vitamin A-mediated gene regulation. Vimentin is a type III intermediate filament found in cells of mesenchymal origin, such as fibroblasts, myofibroblasts, and macrophages. 15 GFAP and α-SMA are markers of quiescent and activated HSCs, respectively. 16 After washing the slides 3 times with phosphate-buffered saline solution (PBS) and blocking for 1 hour at room temperature, we incubated the specimens in primary antibody solution overnight at 4°C. The slides were washed 3 times and incubated for 1 hour at room temperature with a secondary antibody. TOTO-3 (200 nmol/L, Molecular Probes, Eugene, Oregon) was also used in this procedure for nuclear staining. Finally, the slides were washed 3
PRIMER SEQUENCE INFORMATION

Gene Product Primer Sequence Product Size
Hyaluronic acid synthase I 5'-TAGGTGCTGTTGGAGGAGATGTGA-3' 105 bp 5'-AAGCTCGCTCCACATTGAAGGCTA-3' Hyaluronic acid synthase II 5'-ACTGGGCAGAAGCGTGGATTATGT-3' 115 bp 5'-AACACCTCCAACCATCGGGTCTTCTT-3' times with PBS and mounted on coverslips in Vectashield (Vector Laboratories, Burlingame, California). The specimens were observed and the images were captured with a laser scanning confocal imaging system (MRC-1024, Bio-Rad, Hercules, California). Omission of the primary antibody served as a negative control.
Working dilutions and sources of antibodies used in this study included mouse monoclonal anti-RAR-α antibody (Chemicon, Temecula, California) at 1:200, mouse monoclonal anti-RAR-β antibody (Chemicon) at 1:200, mouse monoclonal anti-type I collagen antibody (Sigma, Birmingham, Alabama) at 1:2,000, mouse monoclonal anti-type III collagen antibody (Sigma) at 1:4,000, mouse anti-vimentin at 1:2.5 (Dako, Carpinteria, California), mouse anti-GFAP at 1:400 (Sigma), and mouse anti-α-SMA at 1:400 (Sigma). Secondary antibodies included Cy3 conjugated anti-mouse immunoglobulin G diluted (Amersham, Piscataway, New Jersey) to 1:400. As a blocking solution, 5% normal goat serum in 0.1% Triton-X with PBS was used. One percent normal goat serum in 0.1% Triton-X with PBS was used in first and secondary antibody reactions. Rat retina was used as a positive control for RAR-α and RAR-β. Normal rat vocal fold was used as a positive control for collagen type I, 8 collagen type III, 8 and vimentin, 8 and rat liver was used for GFAP and α-SMA. 16 Four VAD rats and 4 VAS rats were used for each primary antibody, and 4 sections from each animal were used for each stain. Two sections from each animal were used for each immunostaining.
After the captured images were randomized, 10% of the images were judged by 2 examiners. They agreed on all results. Real-time polymerase chain reaction (PCR) was performed in a 25-μL volume by the manufacturer's protocols; the reaction mix comprised 2 μL of template cDNA, 12.5 μL of iQ SYBR Green Supermix (Bio-Rad) , 0.5 μmol/L of the final concentration of each primer, and RNase-free water to 25 μL. Expressions of rat procollagen type I α1-chain, procollagen type III α1-chain, HA synthase (HAS) I, HAS II, elastin, and β2-microglobulin genes were examined. Primer sets used in this study are shown in the Table. Amplification was performed under the following conditions: 1 cycle at 95°C for 110 seconds, followed by 40 cycles at 95°C for 10 seconds, 55°C for 10 seconds, and 72°C for 20 seconds, and 1 cycle at 60°C to 95°C to make a melting curve. Fluorescence was detected with the iCycler iQ Real-Time PCR Detection System (Bio-Rad) and accompanying software. Reverse transcriptase-negative samples, for which reverse transcriptase was not added during the process, were also treated with a PCR reaction as a negative control to clarify that the amplified DNA band was not caused by contaminating genomic DNA. Primer dimer production was checked by melting curves and gel electrophoresis after PCR. Average growth curve of vitamin A-sufficient (VAS) and vitamin A-deficient (VAD) rats and average food intake. VAD rats reached first growth plateau (arrow) about 6 weeks after birth, decreased their food intake, and showed symptoms of vitamin A deficiency. VAD rats resumed growing at normal rate after retinoic acid was administered. When retinoic acid was withdrawn, growth rate of all VAD rats decreased and plateaued again (arrowhead). Quantitative analysis was performed by the standard curve method, and ratios of target gene concentration to β2-microglobulin were calculated. Four VAD rats and 4 VAS rats were used for the analysis. Statisti-cal analysis was performed by nonrepeated analysis of variance, with a p value of .05 considered significant. The entire RT-PCR procedure was performed under sterile conditions in a duplicate manner.
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RESULTS
Expression of RAR-α and RAR-β in Stellate Cells
of Normal Rat Vocal Folds. RAR-α was expressed in the cytoplasm of stellate cells in the macula flava (Fig 1) . There was very weak expression of RAR-β in the stellate cells. Figure 2 shows the averaged growth curves and food intake for the VAD rats and VAS rats. The VAD rats reached the first growth plateau about 6 weeks after birth. Around 7 weeks, the animals appeared ill, decreased their food intake, and had periocular porphyrin deposits, matted fur, and front leg paralysis. As expected, the VAD rats resumed growing at a normal rate after RA was administered. When RA was withdrawn, the growth rate of all the VAD rats decreased and plateaued. All of the VAD rats showed periocular porphyrin deposits and front leg paralysis by the time of euthanasia.
Induction of Vitamin A Deficiency in Rats.
The serum retinol levels of the VAS and VAD rats were 1.91 ± 0.36 μmol/L (mean ± SD) and 0.05 ± 0.01 μmol/L, respectively. The serum retinol levels of the VAD rats was significantly lower than those of the VAS rats (p < .01). The extraction efficiency during the analysis was 92.4% on average.
Characteristics of VFSCs in VAD Rats.
The vimentin-positive cells in the VAS macula flava were stellate in shape with rich cytoplasm. These VFSCs were also positive for GFAP, a marker of quiescent HSCs, and negative for α-SMA, a marker of activated HSCs (Fig 3) .
Vimentin-positive cells were present in the VAD macula flava. They were also positive for GFAP and negative for α-SMA, indicating that VFSCs of VAD rats retain characteristics similar to those of VAS rats (Fig 3) . Nevertheless, vimentin-positive cells in VAD macula flava had less cytoplasm, and the analysis of N/C ratios showed a statistically significant larger N/C ratio in the VAD rats (average N/C, 0.98) than in the VAS rats (average N/C, 0.40; p < .05). The VAD macula flava contained fewer lipid droplets than did the VAS macula flava (Fig 3) .
Real-time RT-PCR showed significantly decreased expression of procollagen type I mRNA in the macula flava of the VAD rats compared to that of the VAS rats (Fig 4) . There was no significant difference between the VAS and VAD rats in mRNA expression of procollagen type III, HAS I, HAS II, or elastin.
ECM of VAD Rats. Alcian blue stain and elastica-van Gieson stain showed that the VAD rat vocal folds had the same distribution patterns of HA and elastin as did the VAS rat vocal folds. There were no distinct differences. In the lamina propria of both Mean and standard deviation of procollagen types I and III, hyaluronic acid synthase (HAS) I and HAS II, and elastin messenger RNA expression in macula flava of VAS and VAD rats. All genes except for procollagen type I showed no significant difference between VAS and VAD rats. y-Axis -ratio of target gene expression to β2-microglobulin expression; asterisk -p < .05.
Alcian blue VAS VAD EVG VAS and VAD rats, HA was mostly present in the intermediate and deep layers, and elastin was in the superficial layer ( Fig 5) . Figure 6 shows the immunofluorescence of collagen types I and III in the posterior macula flava. The VAD rats exhibited expression patterns similar to those of the VAS rats. Collagens type I and type III were both strongly expressed in the macula flava. These collagen fibers run approximately parallel to the longitudinal direction of the vocal folds.
DISCUSSION
Vitamin A has 2 major roles in the body: light absorption for vision and gene regulation for development, growth, and maintenance of organs. In order to regulate gene expression, vitamin A (retinol) needs to be converted to retinal and then converted to RA. Retinoic acid binds to RAR and retinoid X receptor (RXR) to make RAR/RXR heterodimer, which binds DNA regulatory sequences and regulates gene transcription. 1 RAR has 3 subtypes: RAR-α, RARβ, and RAR-γ. RAR-α and RAR-β are reported to be present in the mucosa of the trachea and the soft palate, respectively. 17 In our study, we observed strong expression of RAR-α and weak expression of RAR-β in the VFSCs of the macula flava. Their expression suggests that vitamin A can act as a regulatory factor of some genes in rat vocal folds. In addition, the results may support the notion that the same biological metabolism may be present in the human vocal fold. Of interest, RAR-α was expressed in the cytoplasm of the VFSCs. RAR is a nuclear receptor and does not work as a transcriptional transducer unless expressed in the nucleus. Similar distribution of RAR-α is reported in endometrial epithelium. 18 RAR is located in the nucleus in the active proliferative phase of the menstrual cycle and is expressed in the cytoplasm in the secretory phase. Although the mechanism of cytoplasmic localization of nuclear factors is still a point of discussion, 18 the cytoplasmic distribution of RAR-α in VFSCs indicates that the VFSCs in normal vocal folds are in a "quiescent" state in terms of the retinoid signaling pathway.
Less cytoplasm was shown in the VFSCs of VAD rats than in those of the VAS rats in the present study. This finding might be due to the presence of fewer lipid droplets in the VAD macula flava, as described in Results. Nagy et al 2 reported that the lipid droplet area in the stellate cells of liver, lungs, kidneys, and intestines increased when rats were fed excess vitamin A and concluded that not only liver stellate cells but also extrahepatic stellate cells played an important role in vitamin A storage. Our results confirm that VFSCs also participate in vitamin A storage.
The VFSCs of both VAD and VAS rats were positive for vimentin and GFAP, a marker of quiescent HSCs, and were negative for α-SMA, a marker of activated HSCs. This finding suggests that VFSCs have characteristics similar to those of quiescent HSCs and that they are not changed by vitamin A deficiency.
Collagen, elastin, and HA have been considered to be the most important ECM components in vocal fold lamina propria. The histologic study in this report did not detect any differences between VAD and VAS rats in these extracellular components. This outcome indicates that vitamin A deficiency does not affect the maintenance of the ECM in adult rat vocal folds. The results of real time RT-PCR support this finding, except for procollagen I mRNA. The expression of procollagen I mRNA was decreased in the macula flava of VAD rats, and this result is different from what is expected from the immunohistochemistry of collagen type I. Vitamin A is probably one of the regulators of collagen type I production, but it is not critical for the maintenance of collagen type I fibers in the ECM. This might be because the turnover of collagen type I fibers is so slow or because there are regulators of collagen type I more important than vitamin A. The expression of procollagen type III, elastin, HAS I, and HAS II did not significantly differ between VAD and VAS macula flava. These results imply that vitamin A is not important for the ECM production of the macula flava in adult rat vocal folds. Sato et al 7 showed that VFSCs in the macula flava of human vocal folds store vitamin A in the lipid droplets in cytoplasm, and VFSCs are suggested to produce ECM components. 7 According to the results of our study, vitamin A stored in VFSCs is not likely to be essential to most ECM production by the VFSCs themselves.
As far as we have found, no distinct change is observed in the VFSCs and ECM of VAD rats de-spite the expression of RAR-α in the VFSCs. What, then, are VFSCs and vitamin A doing in the vocal folds? The clue may be in the liver. As previously described, HSCs are the major source of ECM in the fibrotic liver. It is reported that quiescent HSCs express low levels of mRNA encoding procollagen types I and III, whereas activated HSCs show a drastic increase of collagen production. 5 In our present study, VFSCs showed characteristics similar to those of quiescent HSCs: GFAP-positive, α-SMA-negative, possessing lipid droplets, and stellate in shape. The VFSCs may also be "resting" in normal vocal folds and undergo a phenotypic transformation when they are injured, such as in vocal fold trauma. The cytoplasmic distribution of RARα in VFSCs revealed by the present study supports this notion. In a previous study, 15 we analyzed the cell production ability of the macula flava following vocal fold injury and concluded that the macula flava does not work as a "cell source" in the process of vocal fold scarring. However, the ECM produc-tion ability of the macula flava following injury has yet to be examined. Further study is needed to fully understand the roles of VFSCs and vitamin A in the vocal folds. CONCLUSIONS Similar characteristics of VFSCs have been reported in human and rat vocal folds. In the present study, RARs, which are essential to vitamin A-related regulation, were expressed in rat VFSCs, and the VFSCs showed a significant morphological change in the VAD rats. These results suggest that vitamin A can act as a regulatory factor in rat vocal folds and that VFSCs may participate in vitamin A storage. Despite the results indicating a positive correlation between vocal fold and vitamin A-storing stellate cells, no significant change in the vocal fold lamina propria was observed in the VAD rats. It is indicated that vitamin A is not essential to maintenance of the ECM of normal postnatal rat vocal folds, although VFSCs participate in vitamin A storage.
